Vascular endothelial growth factor (VEGF) is a secreted endothelial cell-specific mitogen. To evaluate whether VEGF may play a role in angiogenesis, we have determined the spatial and temporal patterns of expression of VEGF and VEGF receptors during natural angiogenic processes taking place within the female reproductive system. Four angiogenic processes were ana-
Introduction
Angiogenesis, the formation of new blood vessels as extensions of existing vessels, is a complex multistep process. Angiogenesis is thought to be initiated by local activation ofgenes encoding diffusible angiogenic factors (or, alternatively, by release of preformed factors from their stores). The secreted angiogenic factors, in turn, initiate a cascade of downstream responses, that result in the growth of new capillaries towards the sites emitting the angiogenic signal. Since the turnover rates of vascular endothelial cells are extremely low, angiogenesis is generally a quiescent process in the healthy adult organism. A marked exception is the female reproductive system, where the need for additional vasculature is constantly imposed by the cyclic evolution of transient structures and by the cyclic repair of damaged tissues. Specifically, in every estrous cycle, the sequential development of ovarian follicles and corpora lutea (CL)' is accompanied by concomitant development of elaborate capillary networks. The latter are formed in the periphery ofeach growing follicle, or in the vicinity oflutein cells, respectively (3) . Similarly, in the uterus, blood vessels of the functional endometrium undergo cyclic extensions and repair, compensating for vessels that have been damaged or slought off (4) . Extensive neovascularization of the endometrium also takes place upon decidual transformation in response to embryonic implantation. The increase in decidual mass is accompanied by induction of neovascularization and formation of an anastomosing network traversing the maternal decidua and converging on the embryo (5) . This vascular network supplies the maternal contribution of the future placenta. These four processes represent independent examples ofprogrammed selflimiting angiogenesis within the female reproductive system.
Studies from many laboratories, using naturally avascular tissues as model systems, have shown that a relatively large number of factors are capable of eliciting an angiogenic response (for reviews, see references [6] [7] [8] . Yet the identity of factor(s) that initiate neovascularization under natural settings is not known. The reproductive system is an attractive system to critically evaluate the relevance of putative angiogenic factors to natural angiogenesis. It has the advantages that angiogenesis can be readily induced and synchronized by gonadotropins, and that it occurs over a relatively short period of time in a well-characterized schedule. Furthermore, vascular extension follows known routes with respect to the vessels of origin and the target tissue (9) . Thus, specimens can be retrieved at successive stages of the ongoing process. Elucidating spatial and temporal patterns of expression for each candidate angiogenic growth factor, in conjunction with the pattern of expression of its cognate receptors, defines the framework of its potential in vivo action.
Vascular endothelial growth factor (VEGF), is a heparin- Pseudopregnancy was induced in mice by injecting gonadotropins, mating with a vasectomized male, and intrauterine injection of oil at 3.5 d postcoitum ( 18) .
Tissues were fixed overnight in 4% paraformaldehyde in PBS. Fixed specimens were then incubated in 0.5 M sucrose in PBS before embedding in Tissue-Tek OCT embedding medium (Miles Inc., Kanakee, IL) and in situ hybridization.
In situ hybridization. This procedure was performed essentially as described by Hogan et al. ( 19) . In brief, 10- v, blood vessels; is, ovarian interstitial tissue; t, theca; o, oocyte; c, cumulus; g, granulosa; a, antrum; cl, corpus luteum; lu, lutein cells. body was detected using the avidin-biotin peroxidase system (Vectastain ABC; Vector Labs, Burlingame, CA) with diaminobenzidine as the chromogen.
Results
In situ hybridization of sectioned tissues enabled us to determine the sites of VEGF production under natural settings that preserve the correct interactions between different cell types. Organs were retrieved at times where neovascularization oftissues is ongoing, immediately withdrawn into a fixative, and processed for in situ hybridization analysis using VEGF-specific, "IS-labeled antisense ribopobrobes. Mouse VEGF cDNA was cloned in our laboratory from a mouse brain cDNA library. The 1.8-kb-long cDNA fragment used throughout this study contained 3' two thirds of the coding region, as well as the entire 3'-untranslated region (the VEGF-specific probe detected only the expected VEGF-containing bands in preliminary genomic DNA blotting experiments [data not shown]). In situ analysis of mRNA was preferred over in situ immunodetection ofthe encoded protein because the localization ofthe mRNA unequivocally identifies the producer cells, whereas VEGF is known to be secreted and might also be sequestered elsewhere in the tissue (24) . To define potential targets for locally released VEGF, we identified cells expressing functional VEGF receptors by performing in situ ligand binding analysis.
To this end, '25I-labeled VEGF165 (produced in a baculovirus vector system) was used.
Neovascularization ofovarian follicles and corpus luteum. To follow VEGF expression during follicular development, we used follicle-stimulating hormone-primed female rats. In this experimental system, a large cohort of follicles is induced to develop in a roughly synchronous manner (25) . Whereas small preantral follicles have no special vascular supply oftheir own, concomitant with further growth follicles acquire individual vascular sheaths. The follicular networks originates at vessels residing in the medulla, extends towards each growing follicle, and forms two concentric capillary networks embedded in the theca externa and theca interna, respectively. The whole process is completed within 1 d from the onset of follicular growth. Focusing on preantral follicles and on follicles with small antrum (i.e., follicles undergoing neovascularization), VEGF was expressed in the interstitial tissue of the ovary and in the theca layers (Fig. 1 A) . The VEGF produced and secreted by these cells is likely to act on nearby cells, provided that the target cells express the appropriate receptors. Recent work has shown that the vast majority of VEGF binding appears to be associated with endothelial cells, in general, and to correspond to the pattern ofovarian vascularization, in particular ( 10, 26) . We have determined the cell populations that bind VEGF at the time of follicular neovascularization by in situ receptor-ligand binding analysis. In agreement with the previous findings, VEGF receptors were detectable on the endothelium of large medullar vessels (from which the thecal networks originate), on cells interspersed in the stroma (presumably endothelial cells), and in capillaries arranged in the peripheral theca layers of growing follicles (Fig. 2) . Thus, it appears that the primary target of the ligand, which is produced along the path ofcapillary extension toward growing follicles, is the endothelium. Furthermore, expression of VEGF in the theca layers (but not in the inner granulosa) suggests that the locally secreted protein may target capillary extension to the periphery of the follicle.
Concomitantly with further growth and maturation of follicles, the site of VEGF expression shifts to additional ovarian compartments (Fig. 1, B-E) . The first cells inner to the theca to express VEGF are cumulus cells engulfing the oocyte (Fig. 1  B) . In the granulosa compartment, high levels of VEGF mRNA are detectable only at the immediate preovulatory stage (Fig. 1 C) . Shortly after ovulation, as granulosa cells transform to lutein cells and development of the corpus lutem ensues, the predominant site ofVEGF expression is lutein cells (Fig. 1, D and E) . Fig. 1 thus portrays a dynamic pattern of VEGF expression, changing in parallel to the gonadotropin stimuli received by different steroidogenic ovarian cells and in parallel to changes in their steroid outputs.
With respect to angiogenesis, the pattern of VEGF expression shown in Fig. 1 suggests that VEGF may also play a role in the second angiogenic process taking place within the ovary, namely, neovascularization of the corpus luteum. Before ovulation, the thecal capillary network is sufficient to provide the granulosa cells residing only few cell layers away. Upon development of the corpus luteum, however, lutein cells proliferate and gradually fill the entire space of the former antrum. To satisfy the added perfusion requirements, capillaries invade the corpus luteum and form an elaborate network whereby each lutein cell resides in close proximity to blood capillaries. A role for VEGF in the development of the CL vasculature is suggested by the abundant production of VEGF by all lutein cells during the period where concurrent proliferation oflutein cells and endothelial cell takes place (Fig. 1 D) . Consistent with its role as a paracrine endothelial cell mitogen, it has been shown that the CL vasculature possesses a VEGF-binding activity (reference 10 and our data not shown). Notably, lutein cells continue to express VEGF in the fully developed, functional CL (Fig. 1 E) . The latter observation confirms the findings of Phillips et al. ( 17) .
Angiogenesis in the endometrium. Throughout the reproductive life span, the endometrium undergoes cyclic changes in its secretory activity and structure, in correlation with the cyclic growth and maturation ofovarian follicles, and under control of ovarian hormones. The endometrial unique system of blood vessels also undergoes cyclic development. Specifically, after the partial destruction of the endometrium at the end of each cycle, the distal portion of the spiral arteries undergoes regeneration. Lengthening and coiling of arteries is under the influence ofestrogens and progesterone, beginning at the proliferative phase of the endometrium and continuing during the secretory phase.
To evaluate whether VEGF may play a role in neovascularization of the endometrium, we analyzed its pattern of expression in the reproductive track during different stages of the cycle (Fig. 3) . VEGF was found to be expressed in the estrogen-responsive, secretory columnar epithelium, lining both the oviducts (Fig. 3 A) and the uterus (Fig. 3 B) . A different pattern of expression was observed, however, when, under the influence of progesterone, maximal development of the secretory endometrium, and concomitant development of blood vessels takes place. Now, the site of VEGF expression shifts to cells of the underlying stroma composing the functional endometrium (note, for comparison, the lack of expression in the peripheral myometrium) (Fig. 3 C) . These observations, Figure 3 . Expression of VEGF in the oviduct and uterus. In situ hybridization with a VEGF-specific probe: (A) a section through the oviduct; (B and C) sections ofthe uterus, withdrawn at early proliferating phase and secretory phase, respectively. m, muscular layer; mu, mucosal layer of the oviduct; e, epithelium; en, endometrium.
clearly showing a cycle-dependent pattern of expression of VEGF in the endometrium, suggest that expression ofVEGF is hormonally regulated. VEGF produced in the endometrial stroma may serve as a source of angiogenic activity that supports the extension of stromal vessels.
Angiogenesis in the embryonic implantation site. The sequential influence of estrogens and progesterone on the stromal cells ofthe endometrium makes them capable of undergoing transformation into decidual cells. The stimulus for the transformation is the implantation of the blastocyst. Development of the decidua involves extensive proliferation of decidual cells. Accordingly, an elaborate network of blood vessels is formed within the decidua. At 7-9 d postcoitum, angiogenesis is ongoing and is visible as multiple endothelial cell cords traversing the decidua. The anastomosing network formed converges on the embryo. This spatial arrangement of the vasculature reflects the fact that, later on, the decidua basalis will develop into the maternal contribution ofthe placenta (see Fig. 4 C for a schematic illustration ofthe implantation site ofa 9.5-d embryo). The unique spatial arrangement of the decidual vascular network is readily visualized through in situ hybridization with the endothelial cell-specific probe von Willebrand factor cDNA (Fig. 4 D) .
To determine whether VEGF may play a role in formation of the unique vascular network of the decidua, we analyzed implantation sites of mouse embryos at 9.5 d postcoitum with respect to VEGF and VEGF receptor expression. Our findings suggest the following scenario: decidual transformation leads to the upregulation of VEGF expression in all decidual cells (Fig. 4 A) . Note that the deepest layers of the endometrium (the so-called stratum basale) remains nonexpressing. This is consistent with the fact that decidual transformation includes all but the deepest layer of the endometrium. Moreover, we show that upregulation ofVEGF expression takes place concurrently with decidual transformation. To show this point, we made use of a pseudopregnancy model system in which decidual transformation was focally induced through application of oil to the hormonally conditioned, mechanically stimulated uterus (see Methods for details). As shown in Fig. 4 B, VEGF mRNA is only detectable in cells that have undergone decidual transformation, while the bulk of nontransformed uterine cells remained nonexpressing (decidual cells are distinguishable by their large size relative to nontransformed endometrial cells, and are arranged in clusters around the presumed locations of oil droplets). VEGF produced by the decidua may potentially support the proliferation of interspersed endothelial cells, essential for the expansion of the decidual vasculature. To account for the directionality of the vascular network, however, one has to evoke a nonhomogenous distribution of VEGF (or, alternatively, the involvement of additional angiogenic factors). Therefore, we examined whether VEGF is produced in additional cell types within the implantation site. Indeed, we found that highest steady state levels of VEGF mRNA are produced in the extra-embryonic giant trophoblasts cells (Fig. 4  F) . VEGF vastly produced, and presumably secreted by giant trophoblast cells surrounding the embryo, is likely to form a gradient ofangiogenic activity directing the growth and/or migration of endothelial cells towards the embryo. Consistent with this assignment, we show that cords of endothelial cells targeted to this site display a potent VEGF-binding activity (Fig. 4 E) . Noteworthy, the syncytiotrophoblast is the site of synthesis of both steroids and peptide hormones.
Expression ofVEGF in other steroidogenic cells. Strikingly, all steroidogenic cell types included in the in situ survey described above were found to express VEGF mRNA. Therefore, we wished to determine whether the property of VEGF expres-sion is shared by other steroidogenic cell types. In addition to the ovary and placenta, two major steroidogenic organs are the adrenal gland and the testes.
In the adrenal gland, steroidogenesis is confined to the cortex where, under the influence of ACTH, different cortical zones specialize in the synthesis of different steroids. As shown in Fig. 5 A, VEGF mRNA is abundantly expressed in all cells of the adrenal cortex. The adrenal medulla, which produces nonsteroid hormones, does not express VEGF.
In the testes, specialized interstitial cells termed Leydig cells, elaborate the male steroid hormone testosterone. As shown in Fig. 5 B, VEGF expression in the testis is confined to Leydig cells, seen scattered in the intterstices among the seminefrous tubules. For comparison, no expression was detected in the tubules.
In conclusion, it appears that VEGF is efficiently expressed in all the steroidogenic cell types examined.
Discussion
The search for angiogenic factors has yielded a considerable number of factors that elicit an angiogenic response in model systems and/or factors that fulfill certain criteria of angiogenic factors (e.g., endothelial cell mitogens or chemoattractants). The apparent redundancy in putative angiogenic factors has been previously discussed, and the possibilities that redundancy reflects either artifactual promiscuity of the assay systems, or indirect effects of some angiogenic factors, or a situation where different tissues elaborate different angiogenic factors, has been considered (e.g., see reference 27 ). Yet, the issue ofphysiological relevance ofeach candidate factor to any given natural process remains a key unresolved issue in angiogenesis research. Ideally, this issue should be addressed through analysis of natural angiogenesis. Best suitable are programmed processes, where specimens that represent all stages of ongoing angiogenesis, including initiating events and downstream responses, can be retrieved for in situ analysis. The objective of the present study was to analyze in situ angiogenic processes taking place in the reproductive system, with the aim of identifying an angiogenic factor that is expressed in close spatiotemporal proximity to the forming vasculature.
The female reproductive system undergoes a number of programmed neovascularization processes coupled with the cyclic evolution and decline of ovarian and uterine structures. Cycling in the ovary, in general, is initiated through the cyclic secretion of gonadotropins from extraovarian tissues. Functional compartmentalization within the ovary, with respect to gonadotropin receptors and steroidogenic capabilities generates, in turn, a wavelike steroidogenesis within the ovary. Ovarian steroids also govern endometrial cycles. It is most likely, therefore, that the angiogenic waves within the reproductive system are coordinated by gonadotropins and/or by locally produced steroids. This requires that the expression of the initiating angiogenic factor will be hormone responsive (although hormone responsiveness may be indirect). We have examined successive stages in four independent angiogenic processes taking place in the reproductive system. Our findings can be summarized by generalizing that, in all four processes, VEGF is indeed expressed in spatial and temporal proximity to the forming vasculature. Specifically, during follicular neovascularization, VEGF was produced by interstitial and peripheral theca layers; during formation of the CL vasculature, VEGF production was predominantly detected in lutein cells; during neovascularization of the endometrium, VEGF was detected throughout the endometrial stroma; and during vascularization ofthe decidua, VEGF was expressed in the decidua basalis. These sites of VEGF expression colocalize with the sites of residence of the new vasculature. VEGF receptors were primarily detected on endothelial cells (e.g., Figs. 2 and 4 E). It should be noted, however, that the limited sensitivity of the in situ receptor-ligand binding assay may have precluded detection of VEGF receptors on additional cell types (28) . These results suggest that, during these processes, VEGF acts primarily on nearby endothelial cells. Since VEGF receptors are expressed both in endothelial cells participating in neovascularization, as well as in quiescent endothelium (reference 26 and our unpublished data), it appears that the locally released ligand determines the area of endothelial cell growth by creating a microenvironment that support the proliferation of nearby endothelial cells. Furthermore, uneven distribution ofextracellular VEGF in the neovascularized tissue may target capillary growth towards cells producing highest levels ofthe angiogenic growth factor. For example, we suggest that the massive production of VEGF by the syncytiotrophoblast plays an important role in targeting the decidual network towards the implanted embryo (Fig. 4) . Although circumstantial in nature, we believe that our findings support the thesis that VEGF mediates hormonally regulated angiogenesis.
It should be noted that in the systems analyzed, VEGF was also expressed at times where neovascularization was not ongoing; (e.g., in theca and lutein cells after completion of angiogenesis). (F) In situ hybridization with a VEGF-specific probe. The section shown includes the embryo, extraembryonic tissues, and a portion of the decidua undergoing neovascularization. (30) . Yet, the molecular basis for the antiangiogenic activity of steroids is poorly understood. We hope that further analysis of natural, self-limiting angiogenic processes, in which both the "on" and "off " switches are likely to be regulated by horo .X°mones, will shed light on this issue. Finally, VEGF is known to possess a potent vascular permeabilization activity (31, 32) .
Thus, overstimulation of VEGF expression might lead to excessive vascular permeability. The ovarian hyperstimulation protocol used in these experiments, leading to high levels of VEGF expression in a large number of follicles and corpora lutea, is similar to the one used in ovulation induction therapy, where the recruitment and maintenance of a large number of ovarian follicles is induced by gonadotropins follicle-stimulating hormone combined with an unphysiological dose of hu>c man chorionic gonadotropin (LH) . A main complication of o ovulation induction therapy is the ovarian hyperstimulation°0 za syndrome (OHSS). Interestingly, the underlying problem in OHSS is the shift of body fluids from the vascular bed into the extravascular space. We speculate that excessive production of VEGF might cause or at least contribute to OHSS. This proposal is currently under investigation.
